We demonstrate a GaN quantum dot ultraviolet light-emitting diode that uses tunnel injection of carriers through AlN barriers into the active region. The quantum dot heterostructure is grown by molecular beam epitaxy on AlN templates. The large lattice mismatch between GaN and AlN favors the formation of GaN quantum dots in the Stranski-Krastanov growth mode. Carrier injection by tunneling can mitigate losses incurred in hot-carrier injection in light emitting heterostructures. To achieve tunnel injection, relatively low composition AlGaN is used for n-and p-type layers to simultaneously take advantage of effective band alignment and efficient doping. The small height of the quantum dots results in short-wavelength emission and are simultaneously an effective tool to fight the reduction of oscillator strength from quantum-confined Stark effect due to polarization fields. The strong quantum confinement results in room-temperature electroluminescence peaks at 261 and 340 nm, well above the 365 nm bandgap of bulk GaN. The demonstration opens the doorway to exploit many varied features of quantum dot physics to realize high-efficiency short-wavelength light sources. V C 2013 American Institute of Physics.
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[http://dx.doi.org/10.1063/1.4789512] Robust and compact semiconductor ultraviolet (UV) light emitting sources operating in the wavelength range of 250-350 nm have attracted considerable interest for potential applications in sterilization, aerosol detection, and water purification. Light emitting diodes (LEDs) and laser diodes (LDs) containing direct bandgap Al(GaIn)N alloy active regions are being actively pursued for this need. UV LEDs operating in the wavelength range between 380 and 210 nm have been reported, 1 ,2 yet the efficiency and the consequent output power is observed to plummet from 400 mW (k ¼ 375 nm) to 0.3 mW (k ¼ 250 nm) with decreasing wavelength. The high external quantum efficiency (EQE) numbers obtained for InGaN based blue LEDs and LDs are not achieved in the case of high Al containing Al(GaIn)N alloys. When compared to InGaN based visible LEDs, the severe degradation in performance of Al containing UV LEDs is due to several factors.
The III-nitride semiconductor heterostructures for the UV LEDs have been predominantly grown on sapphire due to the limited availability of native AlN substrates which offer lower lattice mismatch. The lattice mismatch results in high threading dislocation (TD) densities of the order of >10 8 cm
À2
. In quantum well (QW) structures the carriers are confined in one direction (the growth direction) but are free to move in the other two directions (the growth plane). The TDs act as non-radiative recombination sites where the injected electrons and holes can recombine, even in QW structures. Recently, the internal quantum efficiency (IQE) has been increased from 20% to 60%, contributing to an external quantum efficiency (EQE) of 10%, by reducing the TD density below 2 Â 10 8 cm À2 in UV LED structures. 3 Thus, TDs play a strong role in reducing the IQE of UV LEDs unlike the InGaN based visible LEDs, where In segregation provides carrier confinement like a quantum dot.
Additionally, when the Al content is increased in the Al(GaIn)N beyond a Al mole fraction of 0.3 in the active region, the valence band structure changes in a manner that promotes emission of transverse magnetic (TM: E||c) polarized light, accompanied by a reduction in IQE. 4, 5 The inplane emission is problematic for efficient light extraction from the surface. This effect is not observed in InGaN LEDs, and the problem can be overcome in UV LEDs by designing asymmetric AlGaN QWs embedded with very thin GaN layers of the order of 1-2 MLs. 6 Superimposed on the above issues is the quantum confined Stark effect (QCSE) induced by the strong spontaneous and piezoelectric polarization in III-nitrides, 9 which reduces the oscillator strength of optical transitions, lowering the radiative recombination rates. 10 The thermally excited free-carrier concentration decreases sharply with increasing Al content due to large ionization energies of acceptors (E A $ 630 meV for AlN:Mg) and donors (E D $ 282 meV for AlN:Si). 7, 8 Visible LED heterostructures utilize GaN cladding layers that boast relatively low dopant ionization energies than the UV counterparts. The GaN cladding layers can be doped heavily and have a larger bandgap than the active region. This leads to better carrier injection and confinement with minimal reabsorption of the emitted light. The cladding layers of UV LEDs must also be transparent to the energy of emitted photons, requiring high Al-containing Al(GaIn)N alloys in the n-and p-type contact layers. The high dopant activation energy reduces the carrier concentration which severely limits the injection efficiency. Besides, in conventional LED design the carriers are injected above the barrier (hot carriers) into the QW, which results in energy loss by phonon emission, Auger recombination, and carrier leakage.
To overcome the above issues of non-radiative recombination, valence band asymmetry, hot carrier injection, and low doping in high Al content III-nitride layers, we propose and demonstrate GaN/AlN QD UV LEDs that use tunnel injection and relatively low Al-composition cladding layers. The formation of QDs in the SK growth mode is favored by a large lattice mismatch, such as between GaN and AlN (2.4%). Replacing QWs with QDs provides 3-dimensional carrier confinement in the active region increasing the radiative recombination, since carrier capture into dots keeps them away from non-radiative sites at dislocations. Though high Al composition AlGaN does not have enough lattice mismatch with AlN to form QDs, growth of InAlGaN/AlN QDs by Stranski-Krastanov (SK) and anti-surfactant methods have been demonstrated with peak emission wavelengths in the UV 11 and the visible 12 regions. The emission wavelength of QDs can be tailored to shorter wavelengths by reducing the height of the QDs. 13 This aids in achieving short wavelengths at relatively low Al composition than in QWs. As a consequence, the valence band structure modification induced by high Al content is lowered, and due to better electron-hole overlap QCSE is significantly reduced, resulting in enhanced radiative recombination efficiency.
14 Tunnel injection of carriers into InGaN QDs was recently demonstrated by Bhattacharya et al. 15 Such tunnel-injection LEDs exhibit reduced efficiency droop in InGaN green LEDs by suppressing the detrimental effects of hot carrier injection.
To achieve optimal tunnel injection in our structure, we use AlGaN n-and p-type cladding layers with bandgap just above the emission wavelength of QDs to minimize reabsorption of the emitted photons. This feature can enable improved n-and p-type doping efficiency, because the dopant activation energies in the low-Al content AlGaN cladding layers is significantly lower. Therefore, carrier injection efficiency can be improved dramatically. Besides, the spatial distribution of electron and hole wavefunctions in pyramidal GaN QDs, 16 as well as the thin AlN barrier, promotes tunneling transport of carriers (electrons and holes) 17 despite the large effective mass of holes. As a result of strong quantum confinement the QD eigenvalues are shifted to higher energies resulting in short wavelength emission. The corresponding eigenfunctions extend deep into the barriers promoting tunneling transport, along with the available phase space due to QD size distribution. In addition, the much speculated phonon bottleneck 18 problem associated with QD systems can be overcome, because the carriers can be injected directly into the lowest energy state of the QD. Therefore, QD based active regions and tunnel injection offer potential solutions to a number of problems associated with high Al content UV LED heterostructures. Figure 1(a) shows the structure of the GaN/AlN QD UV LED. The heterostructure is grown on commercially available AlN-on-sapphire templates by plasma-assisted molecular beam epitaxy (MBE). A 100 nm AlN nucleation layer was grown with III/V ratio $1 to move away from the MOCVD grown AlN template. A 285 nm Si-doped AlGaN n-cladding layer was deposited in the metal-rich growth regime. A M ¼ 8 period self-assembled GaN/AlN QD active layer stack was then grown at 730 C under Ga-limited condition and III/V ratio $0.95. Finally, a 80 19 The Al compositions of the n-and p-cladding layers were measured by fitting the measured and simulated X-ray diffraction (XRD) tripleaxis x-2h scans. They were inferred to be Al 0:45 Ga 0:55 N for the n-layer, and Al 0:50 Ga 0:50 N for the p-layer. LED structure, by exciting them with an (F 2 based) excimer laser with photon energy k exc ¼ 157 nm. The measured room-temperature PL spectra are shown in Figure 2 (a). The PL peak at 293 nm corresponds to emission from the AlGaN layer, the 257 nm peak corresponds to the 2 monolayer thick GaN QDs, and the 328 nm peak corresponds to comparatively thicker QDs. 13 The QD LED structure was processed into a diode by etching 170 nm down to the n-type layer using Cl 2 based plasma in a reactive ion etcher (RIE). Electron-beam deposited Ti/Al/Ni/Au (20/100/40/50 nm) metal stack was used as the n-type contact layer. Ni/Au (5/ 5 nm) was deposited as a transparent current spreading layer on the p-type Al 0:50 Ga 0:50 N layer. Thicker Ti/Au (20/ 100 nm) contact metals were deposited over a small area of the transparent metal layer to allow electrical probing and light extraction from the thinner regions.
QD LEDs of mesa size 200 Â 400 lm 2 were characterized for room temperature electroluminescence (EL). The EL spectrum shown in Figure 2 (b) exhibits a peak emission at k 1 $ 341 nm at injection current of J inj $ 25 A/cm 2 . On increasing the injection current to 62 A/cm 2 , emission was obtained at two additional peak wavelengths k 2 $ 301 nm and k 3 $ 261 nm. Figures 3(a) and 3(b) show schematic energy band diagrams of GaN QDs of 2 different thicknesses embedded within AlN barrier layers. The k 1 $ 341 nm peak is attributed to emission (R 1 ) from quantized state of the 4 monolayer (ML) thick GaN QDs which are present along with the smaller height QDs, 13 the 261 nm emission (R 3 ) is attributed to the emission from the 2-3 ML thick QDs. The intense 301 nm emission (R 2 ) is attributed to the emission from the p-AlGaN layer either by carrier recombination in AlGaN resulting from carrier spillover and/or excitation of p-AlGaN by the 261 nm emission (R 3 ) coming from the 2-3 ML thick QDs. This is supported by Figure 2 (a) which shows the QD LED EL spectrum superimposed with PL spectra of GaN QDs and the AlGaN layer. Figure 3 (c) shows the evolution of peak emission intensities corresponding to the three different peak wavelengths with increasing injection current density. At low injection currents the carriers are able to tunnel into the large QDs which have lower energy levels. Therefore, the emission is at longer wavelength of k 1 $ 341 nm (transition R 1 ). With increasing current the k 1 $ 341 nm peak intensity saturates, while the R 2 and R 3 emission from p-AlGaN and smaller QDs, respectively, increases. The k 2 $ 301 nm peak intensity crosses the 341 nm peak intensity at J inj $ 62 A/cm 2 . The inset of Figure 3(c) shows the biased GaN QD UV-LED pumping a piece of paper as seen under the microscope. ) thick QDs, and the AlGaN cladding layer. For low injection currents the carriers first tunnel into the thick QD which has lower ground-state energy levels, and the emission is at 341 nm (R 1 , E 2 : emission energy). On increasing the injected current the higher energy levels in thin QDs are accessed, resulting in 261 nm (R 3 , E 1 : emission energy). The 301 nm peak emission originates from the AlGaN layer either by carrier recombination from excess carrier spillover and/or excitation by the 261 nm peak emission. (c) The evolution of emission peak intensities with injection current density. The 301 nm and 341 nm peak intensity crossover takes place at $62 A/cm 2 whereas the 261 nm and 341 nm peak intensity crossover takes place at $94 A/cm 2 . (c) Inset: QD UV LED exciting paper kept underneath to produce visible light.
In conclusion, carrier recombination in QDs and carrier injection by tunneling offers potential solutions to the major problems encountered in deep-UV LEDS such as doping, sensitivity to defects, and valence band asymmetry. In this work, we have proposed a method to realize deep-UV LEDs by taking advantage of GaN quantum dot active regions surrounded by AlN barriers. Carriers are tunnel-injected into the dots from relatively low composition AlGaN regions that facilitate efficient doping. The tunnel-injection process reduces losses incurred in hot-carrier injection into the active regions. Furthermore, the lower valence band offset offers lower tunneling barriers for holes, making up for its heavier mass. This is the demonstration of the feasibility of the basic idea, and many of the advantages discussed have to be carefully studied in the future. Nevertheless, since the experimental demonstration indicates that the design is sound, light emission can be enhanced in the future by fine-tuning the heterostructure design and adopting polarization-induced doping for shorter wavelength UV-LEDs.
